In this paper, we study the anisotropy of cosmic acceleration by dividing the Union2 Type Ia supernova dataset into 12 subsets according to their positions in Galactic coordinate system. In each region, we derive the deceleration parameter q0 as the diagnostic to quantify the anisotropy level in the corresponding direction, and construct q0 anisotropic maps by combining these q0 values. In addition to the monopole component, we find the significant dipole effect in the q0-maps with the amplitude A1 = 0.466 +0.255 −0.205 , which deviates from zero at more than 2-σ level. The direction of the best-fit dipole is (θ = 108.8
I. INTRODUCTION
Soon after the discovery of the accelerating cosmic expansion from the observations of Type Ia supernova (SNIa) [1, 2] , a number of authors have investigated the anisotropies of the cosmic acceleration [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , which was motivated in several aspects: From the theoretical point of view, the anisotropy may arise in some cosmological models, such as the vector dark energy models [20] [21] [22] [23] [24] , the anisotropic equation-of-state of dark energy [25] , the non-trivial cosmic topology [26] [27] [28] , the statistically anisotropic primordial perturbations [29, 30] or the existence of a large-scale primordial magnetic field [31] [32] [33] . And also the study can be used to check the validity of the cosmological principle [34] [35] [36] , to measure expected deviations from the isotropy due to various motions of Local Group [3] [4] [5] [6] , or to search for the possible systematic errors in observations and their analysis [14] .
In particular, several groups [14] [15] [16] [17] 19] have applied the hemisphere comparison method to study the anisotropy of ΛCDM, wCDM and the dark energy model with CPL parametrization, where the supernova data and the corresponding cosmic accelerations on several pairs of opposite hemispheres have been used to search for maximally asymmetric pair, and a statistically significant preferred axis has been reported. As emphasized in [15, 16] , although this method optimizes the statistics due to the large number of supernovae in each hemisphere, it has lost all information about the detailed structure of the anisotropy.
In this paper, we shall extend this issue to investigate the cosmic acceleration in different parts of the whole sky, and study the possible existence of anisotropy. To do it, we take use of the Union2 dataset [37] , and divide them into 12 parts according to their positions in Galactic coordinate system. Among them, six regions are useless and masked in the investigation due to the lack of supernova data. In each unmasked region, we study the cosmic acceleration by taking the deceleration parameter q 0 as the diagnostic, and find the significant difference for different regions. We extract the lowest multipole components, i.e. monopole and dipole, in this anisotropic map, and find that the monopole amplitude is A 0 = −0.750 +0.122 −0.172 , which is consistent with other observations, and shows the present acceleration of cosmic expansion. Meanwhile, we find the significant dipole, and the amplitude is A 1 = 0.466 +0.255 −0.205 , which deviates from zero in more than 2-σ confident level. Interesting enough, the direction of the best-fit dipole is at (θ = 108.8
• , φ = 187.0
• ) [64] , which is nearly perpendicular to CMB kinematic dipole, and the angle between these two dipole directions is 95.7
• . This implies that the origin of the anisotropy of cosmic acceleration may connect with the CMB kinematic dipole.
The paper is organized as follows. In the next section we give a general introduction to the analysis method, and apply to wCDM model fitted by the Union2 dataset. In this section, we focus on the monopole and dipole components, especially the direction of dipole, and compare with CMB kinematic dipole. Sec. 3 gives our conclusions.
II. ANISOTROPY OF COSMIC ACCELERATION
In this paper we take use of the Union2 dataset [37] , which contains 557 type Ia SNIa data and uses SALT2 for SNIa light-curve fitting, covering the redshift range z = [0.015, 1.4] and including samples from other surveys, such as CfA3 [38] , SDSS-II Supernova Search [39] and high-z Hubble Space Telescope. The direction distribution of the supernovae in Galactic coordinate system is presented in Fig. 1 (left panel) [7] [8] [9] .
In order to investigate the cosmic acceleration in different directions, in principle we can divide the total supernovae into a number of groups according to their positions and redshifts. Limited by the total number of the SNIa, in this paper we shall ignore the possible redshift effect of the anisotropy. HEALPix is a genuinely curvilinear partition of the 2-dimensional sphere into exactly equal area quadrilaterals of varying shape, which is advantageous since sky signals are sampled without regional dependence [40] . The base-resolution comprises 12 pixels in three ring around the poles and equator. The resolution of the grid is expressed by the parameter Nside. In this paper, we adopt the lowest resolution with Nside=1 due to the fact that the total number of SNIa is not too large. The 12 regions are shown in Fig. 1 (right panel) . We find that the distribution of SNIa in the sky is not isotropic. In Regions 5, 6, 7, 8, i.e. Galactic plane, the numbers of SNIa are very smaller (i.e. N sn = 1 in Region 5, N sn = 7 in Region 6, N sn = 11 in Region 7, N sn = 4 in Region 11). In addition, we also find that N sn = 22 in Region 1, and N sn = 5 in Region 12. So in the following discussion, we will not use these six regions, because of the small numbers of SNIa. In Table I , we list the values of N sn in the other six regions, which will be used for the analysis.
In each region, we fit the SNIa data by minimizing the χ 
The expressions of d L (z) and H(z) depend on the cosmological model. In this paper we consider the flat Friedmann-Lemaitre-Robertson-Walker Universe and the wCDM model. So one has
and
The nuisance parameter µ 0 can be eliminated in the following way. We expand χ 2 sn with respect to µ 0 [41] :
where
Eq. (4) has a minimum as follows,
which is independent of µ 0 . Actually, the difference betweenχ 2 sn and the marginalized χ 2 sn is just a constant [41] . In the following analysis, we will adoptχ 2 sn as the goodness of fitting between theoretical model and SNIa data.
Similar to [17] , we use the deceleration parameter q 0 as the diagnostic of the cosmic acceleration. In the wCDM model, the present value of q 0 can be expressed as
which is a combination of the parameters w and Ω m . The results of the cosmological parameters Ω m , w and the corresponding q 0 in each region are shown in Table  I . Interesting, we find the significant difference for the different regions, even if the error bars are considered. For example, the absolute values of q 0 are quite small in Regions 10 and 11, but fairly large in Regions 2, 4, 9. The similar difference also exists for the parameters Ω m and w. These are the clear indications of the anisotropy of the cosmic acceleration.
As the first step to quantify the anisotropy, we use the best-fit q 0 values as the diagnostic, which is shown in Fig.  2 (upper panel) . In order to describe the 2-dimensional anisotropic map, it is convenient to expand it over the spherical harmonics as follows:
where Y lm are the spherical harmonics, and a lm are the corresponding multipole coefficients. In this paper, due to the low resolution of the anisotropic map, we only consider the lowest multipoles: monopole with l = 0 and dipole with l = 1. We apply the routine provided in HEALPix package to subtract the monopole and dipole components from the partial HEALPix map [40] . The fit is obtained by solving the linear system
and 
. (10) Applying to the q 0 -map in Fig. 2 (upper panel) , we obtain the fit monopole A 0 = −0.674, which is equivalent to the average decelerating parameter in the whole sky. This value clearly shows that the present Universe is in an accelerating expansion stage, which is consistent with other results [42, 43] .
However, if we subtract this fit monopole from the q 0 -map, the residual is still significant, which has the similar amplitude with the monopole component (see the middle panel in Fig. 2 ). This shows that the anisotropy of q 0 -map is quite important, which is also the motivation of our discussion in this paper. The lowest anisotropic component is the dipole. The dipole is described by the amplitude A 1 and the direction (θ, φ) in Galactic coordinate system. For the q 0 -map, we get the fit dipole with the parameters (A 1 = 0.349, θ = 127.4
• , φ = 211.5 • ), which is plotted in left panel of Fig. 3 . We find that the amplitudes of dipole and monopole are the same order. If subtracted both monopole and dipole from the q 0 -map, we find the residual becomes very small, which is clearly shown in the lower panel in Fig. 2 . This implies that the main anisotropic component in q 0 -map is contributed by the dipole component.
Recently, a few puzzling large-scale cosmological observations have been reported to challenge the standard model, which includes the alignment of the low multipoles of CMB temperature and polarization anisotropies [44] [45] [46] , the parity asymmetry of CMB power spectrum [47, 48] , the large-scale velocity flows [49, 50] and the large scale alignment in the QSO optical polarization data [51, 52] . Especially, it was noticed that these anomalies are all connected with the CMB kinematic dipole in some sense [15, 16] . Even the preferred axis of cosmic acceleration detected in [14] [15] [16] [17] 19 ] by using the hemisphere comparison method is also claimed to align with the CMB kinematic dipole. Here, we shall also compare the direction of the derived dipole component with that of CMB kinematic dipole, which is (A 1 = 3.35mK, θ = 41.74
• , φ = 263.99
• ) [53, 54] (see right panel in Fig.  3 ). Note that this dipole component was derived from the WMAP data, and has been used by Planck mission for the calibration [55] . The angle between these two dipoles is α = 97.6
• . So we find that, instead of alignment, these two dipoles are nearly perpendicular with each other. Actually, the maximum axis reported by Antoniou and Perivolaropoulos in [15, 16] is (θ = 108
• , φ = 129
• ) [65] . And the angle between this direction and the CMB kinematic dipole direction is 132.7
• . The different between these two results may be caused by the different direction resolutions of the methods. Now, let us discuss the monopole and dipole components in the general q 0 -map, instead of those in the best-fit map. According to the q 0 likelihood functions in the unmasked regions, we generate 1, 000, 000 random samples of {q late the 1-dimensional likelihood functions for A 0 and A 1 parameters, which are shown in Fig. 4 . We find that A 0 = −0.750 +0.122 −0.172 , which is smaller than zero in more than 5-σ confident level. So the present Universe is in an accelerating stage. Interesting enough, we also find that A 1 = 0.466 +0.255 −0.205 , i.e. the amplitude of dipole is non-zero at more than 2-σ level. So again, we find that the dipole effect is quite significant.
In order to study the direction of the dipole component, in Fig. 5 we plot the likelihood distribution in 2-dimensional space (left panel), and the corresponding best-fit value is (θ = 108.8
• , φ = 187.0 • ). It is very interesting to find that the angle between this best-fit dipole and CMB kinematic dipole is α = 95.7
• . Again, we find that these two dipoles are nearly perpendicular with each other. In the right panel, we plot 1-σ with yellow region and 2-σ with cyan region. For comparison with CMB kinematic dipole, in this figure we also plot the region with black line, which is exactly perpendicular to CMB kinematic dipole. We find this black line excellently crosses the centers of 1-σ and 2-σ regions, which is consistent with the above results. The 1-dimensional likelihood functions for θ and φ are also shown in Fig.  4 , which correspond to the constraints of θ = 113.9 +23.9 −17.2 and φ = 190.6 +46.6 −30.3 . In order to quantify the perpendicular relation between these two dipole directionsn 1 (the best-fit dipole of cosmic acceleration) andn 2 (CMB kinematic dipole), similar to [56] , we can define the dot productn 1 ·n 2 . Under the null hypothesis that these two dipoles are statistically independent, with the unit vectorsn 1 andn 2 being independently drawn from a distribution where all directions are equally likely. This means that the dot product |n 1 ·n 2 | is a uniformly distributed random variable on the interval [0, 1]. By using the values ofn 1 andn 2 , we get |n 1 ·n 2 | = 0.10, corresponding to a separation of 95.7
• . So a perpendicular this good happens by chance only once in 1/0.10 ≃ 10.
In the end of this section, although we will not detailedly study the physical mechanism of the perpendicular relation in this paper, we could provide some possible reasons for this coincidence problem. Similar to other puzzles in the large-scale observations [44] [45] [46] [47] [48] [49] [50] [51] [52] (see [57] as a review), these anomalies may be the indications of the non-trivial cosmic topology, such as the Bianchi type models [26, 27] . On the other hand, as mentioned by some authors [7] [8] [9] 14] , these coincidences may also hint some unsolved systematical errors in observations or data analysis.
III. CONCLUSIONS AND DISCUSSIONS
Recently, the anisotropy of cosmic acceleration has attracted great attention, which may be caused by the nontrivial cosmic topology or some residuals of observational errors. In this paper, by using the Union2 SNIa dataset at different regions in the whole sky, we investigated the dependence of cosmic acceleration on the directions in the Galactic coordinate system, where the deceleration parameter q 0 has been used as the diagnostic to quantify the anisotropy level.
In the anisotropic q 0 -maps, we find the significant dipole effect with the amplitude A 1 = 0.466 +0.255 −0.205 , which deviates from zero at more than 2-σ level. This study also shows that the direction of the dipole trends to be perpendicular to CMB kinematic dipole. The best-fit dipole direction is (θ = 108.8
• , φ = 187.0 • ), and the angle between this direction and that of CMB kinematic dipole is 95.7
• . We find the perpendicular relation between these two dipoles is anomalous at the 1-in-10 level.
It is important to mention that as more and more supernovae data will be released in the near future [58] , the much more details of the anisotropy on cosmic acceleration could be revealed (including the higher multipoles with l ≥ 2 and the dependence of redshift), which would be helpful to resolve the origin of anisotropy on cosmic acceleration, and the association with CMB kinematic dipole.
Recently, the new release of the Planck observations on the CMB temperature anisotropy confirmed the alignment of the CMB quadrupole and octupole. And this particular direction is nearly aligned with CMB kinematic dipole direction [59] . At the same time, the discontinuous distribution of power in the hemispheres on the sky was also been confirmed. All these show that we have the evidence for a break in isotropy. In order to solve these problems, a phenomenological dipole modulation may be needed [59, 60] . Since all these directional anomalies, as well as the alignment problems of the cosmic acceleration anisotropy discussed in this paper, the parity asymmetry of CMB power spectrum [47] , the large-scale velocity flows [49] and the large scale alignment in the QSO optical polarization data [51] are connected with the CMB kinematic dipole and/or the ecliptic plane. We expect a single dipole modulation mechanism could solve all these puzzles.
Several works have suggested that this kind of modulation could be caused by the non-trivial topology of the Universe, such as the anisotropic global Bianchi VIIh geometry [61], the Randers-Finsler geometry [62] , or the multi-stream inflation [63] . However, if they have the cosmological origin, it is very difficult to answer: Why the special direction is related to the current motion direction of the Earth, i.e. the CMB kinematic dipole. So, in our view, we would rather believe that these problems should be caused by some unsolved systematical errors in observations or data analysis. In any case, the much more detailed investigations on this kind of directional anomalies are necessary.
